Abstract
With today's regulatory framework it is reasonable to assume that the practice of scaling aerodynamic performance from historic test data will become progressively less acceptable. The resultant fan efficiency associated with doing so will be increasingly unlikely to meet the minimum allowable fan efficiency. Industrial fan designers will be driven to apply the same computational methods that are commonplace within the aerospace community, optimising fan performance within the mechanical constraints imposed by each specific application.
Over the last two decades, engineers have developed computational fluid dynamic techniques specifically focused on centrifugal fans. Zhang et al. [4] computed the three-dimensional viscous flow in a backwards swept centrifugal fan impeller's blade passage at its design point by solving the Reynolds Averaged Navier-Stokes (RANS) equations using standard eddy viscosity turbulence closure. Thakur et al. [5] studied a centrifugal blower and developed a quasi-steady rotor-stator modelling technique. Khelladi et al. [6] studied the impeller-diffuser unsteady interactions by using an unsteady computational method.
A reason for the difficulty associated with accurately predicting centrifugal industrial fan performance is that their impellers are typically fabricated from cambered plate. A consequence of using cambered plate impeller blades is that engineers inevitably associate impellers with regions of separated flow. This makes accurately predicting fan performance using computational methods challenging. However, recent research has focused on elucidating the flow-field features associated with interaction between the impeller and diffuser [7] , interaction between the impeller-scroll-inlet ring [8] and the clearance flow impact on overall fan performance [9, 10] . The research objective has been to systematically characterise the flow-field in poorly conditioned regions of separated flow, and provide a basis for modelling the actual flow-field.
In this paper we present a method for predicting an industrial centrifugal fan's performance when the fan impeller incorporates cambered plate blades using the unstructured opensource finite volume solver OpenFOAM [11, 12] . We model the time-varying flow at a fan impeller-volute interface using the 'frozen rotor' approach that researchers have shown results in accurate predictions of centrifugal fan performance [10, 13] . We describe how we connected the impeller and volute grids using an Arbitrary Mesh Interface (AMI) [14] . We conducted the research on a typical example of an industrial centrifugal fan incorporating an impeller with cambered plate blades [15] .
We then explain how we verified the chosen modelling approach's effectiveness by comparing computational results with experimental results at both peak efficiency and peak pressure conditions. Agreement between the two was within the measured data's uncertainty, and consequently the computational method was effective in the application. We then explain how we analysed secondary flow structures to provide an insight into the flow-field physics.
As a demonstration of possible use of the information obtained by the described simulation approach, prediction of the flow field evolving within the impeller is then used to predict erosion, with the aim educting the patterns of those areas which are exposed the most to this detrimental phenomenon.
The paper ends with a summary of the effectiveness of OpenFOAM when used with the developed modelling approach and the resultant implications for industrial centrifugal fan design praxis.
Fan Description
The studied fan is part of a family of fans intended for process industry application with a pressure developing requirement of up to 20 kPa. The family includes impellers with backwardswept cambered plate blades that are the subject of the reported research, Table 1 . A double-inlet with the inlet plenum incorporating 90 degree bends and a double impeller characterises the chosen fan, Figure 1 and Table 2 . We experimentally derived the studied fan's aerodynamic performance in accordance with ISO 5801 requirements [16] . 
Modelling Approach
An issue when modelling centrifugal fans is that the geometry does not allow for common techniques that engineers use when modelling axial turbomachinery. For example, engineers usually apply periodic boundary conditions, which simulate the flow-field in just one blade passage. When modelling a centrifugal fan it is necessary to model the entire impeller in order to account for the coupling between the impeller and the asymmetric volute casing within which it is housed.
The 'frozen rotor' approach is a reliable and accurate modelling technique for predicting the flow-field for an entire centrifugal fan impeller when in an asymmetric volute casing [17, 18] . The frozen rotor approach neglects the unsteady coupling between the impeller and volute casing. The impeller's position is fixed during the simulation relative to the volute casing, with the resulting computation at steady-state. We can account for the impeller motion relative to the volute casing by using a multiple frame methodology [18] . A multiple frame methodology enables one to account for the Coriolis and centrifugal forces within the impeller. We explicitly computed Coriolis forces within the Navier-Stokes momentum equation and applied centrifugal forces after we completed the steadystate computation [19] .
We spatially resolved the coupling between the impeller and volute casing computational domains over the impeller's periphery using an Arbitrary Mesh Interface approach (AMI) [14] . We solved the incompressible Reynolds-Averaged NavierStokes equations using the finite volume method and a standard k-ε turbulence model with the synthetic wall-treatment available in OpenFOAM [17] .
We carried out simulations with OpenFOAM [11, 12] using the built-in solver MFRSimpleFOAM. Computations were carried out using a second order upstream interpolation for a convective kinetics divergence scheme in order to diminish the numerical diffusivity. We solved the linearised system of equations by adopting an ILU preconditioned semi-iterative conjugate gradient linear solver, in combination with a SIMPLE segregation scheme and OpenFOAM's smoothSolver for all other equations. In all cases the convergence tolerance was set to 10 -8 for all the computed quantities. We performed the computations on the computer cluster Matrix of Cineca (Rome) over 48 processors. The initial fan flow-field's computation at the peak efficiency duty point required 48 hours of computational time. We then used the peak efficiency duty point solution as a starting point for the fan flow-field's peak pressure computation that required a further eight hours of computational time.
Fan geometry, boundary conditions and grid sensitivity analysis An impeller with both a double inlet and double impeller characterises the studied fan, Figure 1 . To minimise the required computational effort for the simulation, we modelled only one half of the impeller to exploit the impeller's symmetry and effectively reduce the necessary computational effort to predict the flow-field by half. We modelled the resultant half-fan in three parts: the inlet, the impeller and the volute casing, Figure 2 . These three regions were coupled using AMI interfaces. We assessed simulation sensitivity to grid density with a power coefficient as a convergence parameter, Table 3 . The comparative analysis between grids focused on the inlet and impeller blade passage grids. We increased the blade-to-blade grid density within the impeller from an initial coarse level of 50,000 cells to a fine level of 300,000 cells with both hub-toshroud and blade-to-blade refinement. The simulation results appeared unaffected by the blade-to-blade grid density, and therefore we used the coarse blade-to-blade passage grid.
Coupling the aforementioned three regions of the mesh (inlet, impeller and volute) by means of AMI interface we were able to produce a high-quality hexahedral mesh without the usual constraints of hexahedral meshes and keeping the total count of cells around 6.1x10 6 . Details of the mesh are shown in Figure 3 , while an assessment of the grid quality and resolution is given in Table 4 , that provides data for mesh quality indicators (aspect ratio, minimum included angle, volume ratio, skewness, cell number) for the three different region of the grid. The same Table 4 includes y+ values onto the solid surfaces to provide quantitative data of the mesh resolution. Exploiting the AMI technology we were able to produce a very good mesh using only hexahedral cells. We estimate from previous experience that an unstructured tetrahedral mesh would require approximately 20x10 6 cells, increasing the computational effort because of both more cells and the necessary iterations to reach a converged solution. We set the inflow boundary conditions to mimic an inflow distortion which is produced because of the inlet plenum geometry. We derived the distorted inflow from previous simulations that included the inlet plenum that we used to complement a systematic experimental study [20] . The inflow velocity distribution illustrates the presence of a large flow distortion, with the distortion dependent on the inlet plenum geometry, Figure  4 . This flow distortion occurs because of the 90 deg bend and the limited space available in practical application, and consequently compromises the inlet plenum geometry aerodynamically. The two-dimensional velocity vectors, coloured with the axial flow coefficient, illustrate both a separated flow region and highly asymmetric flow into the impeller, Figure 4 . We adopted an average inflow turbulence level of ten per cent and set a dissipation length scale at ten per cent of mean blade chord. Standard wall function were used at the solid walls. We imposed zerogradient boundary conditions on the diffuser outflow. The volute is not shown to scale.
Particle transport and dispersion, and erosion modeling In a Lagrangian framework, particle transport and dispersion may be performed adopting two different approaches: computing the motion of each particle (SPT, Single Particle Tracking), or modelling the behaviour of a cluster of particles, only tracking its mean path [21] . The former approach requires to solve the particle equation of motion (that is, the Basset-BoussinesqOseen -BBO -equation [22] ) at run-time using the calculated flow-field parameters at the particle's current location. On the contrary, the latter approach involves tracking a statistical representation of some clusters of particles. Here we adopted this statistical approach, namely the Particle Cloud Tracking (PCT) model, first proposed by Baxter [23] , and then developed and used by a number of researches [24] [25] [26] [27] [28] [29] . Although the SPT provides more accurate results, the computational effort required is between one and two orders of magnitude larger than that required for PCT, thus for industrial applications the PCT is more suitable [28] [29] [30] [31] . The cloud equation of motion is the ensemble averaged version of the BBO equation, reduced in accordance to the application's constraints [23] . Particle distribution within a cloud is assumed to be Gaussian, and the cloud size depends on the turbulent characteristics of the flow. Since in the original PCT each particle moves with the mean cloud velocity, which may strongly affect the erosion prediction, here we adopted a modified version of the PCT. As a first approximation we assume that the ratio between the drift and the flow velocity at the mean position of the cloud is constant within a cloud; accordingly we compute the particle local velocity at a boundary cell as:
where u bc , v bc are respectively the flow and particle velocity vectors in the centre of the boundary cell, v drift = u m -v m is the drift velocity vector at the cloud's centre, u m and v m are the flow's and cloud's velocity vectors (respectively) at the cloud centre. Further details about the PCT model can be found in [23] , [28] [29] [30] [31] , [32] .
Erosion is a very complex phenomenon depending on several factors such as impact velocity, impact angle, particle shape, and material properties of both the particles and the target surface. For this reason the most realistic erosion models are semi-empirical. One of these models is the one reported by Tabackoff et al. [33] which predicts the erosion per unit mass of impacting particles (ER, in mg/g) of different materials:
where α is the impact angle, K 1 , K 2 , K 12 and K C are functions of material properties of particles and target surface. The authors used Tabackoff's [33] model in this study, assuming that the centrifugal fan is made of stainless steel. Therefore, according to Tabackoff, material coefficients used are reported in Table 5 , and the angle of maximum erosion, α 0 , is equal to 30 degrees. 
Results

Flow field
The reported research focuses on the development and validation of a modelling approach that will enable the reliable and routine use of the open source solver OpenFOAM to predict industrial centrifugal fan performance with cambered plate impeller blades. End users of the studied class of industrial fan generally specify a design point and a test-block point. Engineers typically select the design point close to the fans' peak efficiency operating point to minimise fan running costs. They generally select the test-block point close to the fans' peak pressure operating point to minimise fan size for a given application in order to minimise capital cost. Therefore, the authors predicted the studied fan's performance at two operating points, peak pressure (PP) corresponding to a volume flow rate of 110 m 3 /s and the peak efficiency (PE) corresponding to a volume flow rate of 221 m 3 /s. The authors selected the peak pressure operating point at the very peak of the studied fan characteristic, therefore approaching stall. In practical application fan designers would not select this class of fan with a peak pressure operating point at the fan characteristic's peak. They would use a margin on pressure and would choose the peak pressure operating point at a higher flow rate than that which the authors adopted in the reported research. The authors selected the peak pressure operating point at the fan characteristic's very peak to predict fan performance when stall is incipient. This is a demanding task. Consequently, any modelling approach that can predict fan performance when stall is incipient is inherently robust.
We first established the studied fan's performance experimentally in accordance with ISO 5801 requirements [16] , Figure 5 . The developed modelling approach was able to predict fan performance well, Figure 5 . We under predicted the calculated peak pressure operating point total pressure by 0.6 per cent and the peak efficiency operating point by 1.5 per cent. We over predicted the calculated peak pressure operating point efficiency by 3.0 per cent and the peak efficiency operating point by 1.0 per cent, Table 5 . We estimated the measured data's uncertainty as +/-1.0 per cent.
Although we predicted the calculated peak pressure's total pressure within the measured data's uncertainty, we under predicted both the peak pressure and peak efficiency operating point total pressures. The under prediction appeared to be correlated with volume flow rate. This trend of under predicting total pressure is probably a consequence of the adopted modelling approach. The adopted modelling approach neglected the unsteady interaction between the impeller and volute. It is this interaction that generates artificial diffusivity, and therefore the adopted computational grid, numerical method and turbulence model comprised did not include the necessary mechanisms to model artificial diffusivity. Artificial diffusivity plays a role in the calculation of the complex flow-field associated with centrifugal fan impellers.
Despite under predicting the total pressure, we considered the prediction of the peak pressure operating point's efficiency was in good agreement with the measured data. We selected the peak pressure operating point at the very peak of the fan's characteristic where stall is incipient. The ability of the developed modelling approach to predict total pressure and efficiency to within 1.5 per cent and 3.0 per cent respectively when stall is incipient confirms the effectiveness of the adopted modelling approach. The modelling approach was able to adequately compute the circumferential blade-fluid interaction and the resultant torque on the impeller without accounting for the unsteady impeller-volute interaction. Consequently, we may consider the adopted modelling approach as both robust enough to enable production of a converged solution when stall is incipient, and as providing a reasonable degree of accuracy with minimal computational effort. We may assess the adopted modelling approach's effectiveness by considering the relative velocity streamlines though the impeller. The relative velocity streamlines provide an insight into the flow field's three-dimensionality around the impeller. To aid in interpreting the data, we have labelled each impeller blade, Figure 6 . We show the relative velocity streamlines for both the peak pressure and peak efficiency operating points, Figure 7 .
The relative velocity streamlines at the peak efficiency operating condition indicate the presence of a leading edge separation from blades B1 to B5, immediately after the junction of the blade and shroud. The blade shroud junction has resulted in the flow's non-optimal alignment onto the blades' leading edge which then results in a separated flow region within each bladeto-blade passage. In contrast, the relative velocity streamlines at the peak pressure operating condition indicate that the fan flow-field is adapting to the reduced flow-rate that occurs with incipient stall. The relative velocity streamlines indicate that separated flow is present between most of the impeller blades. The only blade-to-blade passage not affected by the separation occurring in other passages is the passage between impeller blades B1 and B2. The relative velocity streamlines indicate that all other blade-to-blade passages are either partly stalled with the blade passage between blade B10 and B11 having a double separation and is therefore completely stalled.
Relative velocity magnitude may provide a further insight into the flow-field's complexity though the studied fan. To aid in interpreting the data, we have defined two impeller reference sections, Figure 8 . We show the relative velocity magnitudes for both the peak pressure and peak efficiency operating points, Figure 9 .
The relative velocity magnitude contours at the peak pressure operating condition indicate that each impeller blade-to-blade passage is associated with separated flow. The only exception is the passage between blade B1 and B2 immediately after the volute throat. The double separation in the blade passage B11 to B1 is clearly evident, with a double separation also establishing itself in the blade passage B10 to B11. The relative velocity magnitude contours indicate that the extent of the separated flow is greater at the reference section S1 than S2. This is to be expected as the reference section S1 is closer to the impeller's back-plate and therefore the boundary layer flow on the backplate more heavily influences it.
In contrast to the peak pressure operating condition, we do not associate the peak efficiency operating condition with relative velocity magnitudes that indicate the presence of separated flow. When we studied the relative velocity magnitudes for blades B1 to B5, there was some evidence of recirculation at the blade's leading edge. This recirculation may be indicative of a non-optimal blade leading edge profile, a problem that is difficult to address when using cambered plate blades. We may achieve a final assessment of the adopted modelling approach's effectiveness by considering the secondary flow structure in the discharge volute. The secondary flow structures provide an insight into the flow-field's three-dimensionality leaving the impeller, Figure 10 . The secondary flow structures for both the peak pressure and peak efficiency operating points indicate that the flow through the discharge volute is highly three-dimensional. At the peak pressure operating condition the flow is able to remain attached through the diffuser, with a relatively weak secondary flow system establishing itself through the discharge volute. In contrast, a relatively stronger secondary flow characterises the peak efficiency operating condition and features through both the diffuser and the entire discharge volute. A separated flow region that establishes itself through the diffuser is clearly evident, indicating that the diffuser angle may be larger than optimal at the peak efficiency operating condition. 
Particle erosion
In order to study the erosion process we consider only the impeller, which is the component most exposed to erosion. Simulation was performed considering the flow field corresponding to a volume flow rate of 221 m 3 /s (so called peak efficiency or PE condition). 55 clouds, each containing 50•10 6 spherical (5 μm size), non-rotationg and non-reacting particles, entered the domain from the inlet section of the impeller (see Figure 11 ). Main characteristics of the simulated particles are reported in Table 7 .
Tab. 7. Main characteristics of the simulated particles. Cloud paths (namely the mean position as a function of time) are shown in Figure 12 . Clouds enter a blade passage transported by the flow and approach the leading edge of both the blades limiting the passage (Figure 12, red ellipses) . Then the combined effect of centrifugal force (due to the rotation of the impeller) and secondary flows (consequence of the blade geometry) affects the cloud motion. As a result, moving radially toward the leading edge of the blades cloud trajectories are deflected. Due to this deflection clouds approach the pressure side of the trailing edge, thus particles impact especially this region of the blade surface and possibly erode it (Figure 12 , blue-dashed ellipse).
Normalized erosion rate (ER), namely the erosion rate computed according to eq. (2) and normalized with its maximum value, are illustrated in Figure 13 and Figure 14 . In particular, Figure 13 shows the normalized ER patterns on the top and bottom disks of the impeller, while Figure 14 gives a view of the ER isolines within the blade passages. It is evident that erosion is not uniform, especially on the bottom disk where erosion occurs on the conical surface opposite to the inflow section, and in the transition region between the bottom wall and the blades, where the presence of two walls affects the local fluid velocity. It is worth noting that although the domain is rotating, the ER is not symmetric on the blades because of the non-symmetric flow within the impeller due to the impeller-volute interaction. This non-uniform ER is also confirmed by Figure 14 which shows the ER within the blade passages. This figure also shows that ER is larger on the leading and trailing edge regions of the suction side, and on the middle of the pressure side. 
Conclusions
The use of open source software is an alternative to commercially available software that has the potential to provide industrial fan manufacturers with a cost effective mean of optimising the performance of industrial centrifugal fans that incorporate cambered impeller blades. The reported research in this paper presents the development and validation of a modelling approach that we implemented in the open source solver OpenFOAM. The modelling approach characterises the studied fan using a 'frozen' rotor approach and an arbitrary mesh interface. The developed modelling approach predicted the studied fan's pressure rise and efficiency reasonably accurately at the peak pressure condition when stall is incipient. This success occurred despite the frozen rotor modelling assumption that neglected unsteady interaction between the impeller and its volute casing and the use of a basic turbulence model. An analysis of the flow-field within the impeller, volute casing and discharge duct indicated that the modelling approach provides a credible prediction of the fan's secondary flow-field. Secondary flow structure predictions are in spite of the presence of extensive separated flow regions, particularly at the peak pressure operating condition.
The success of the developed modelling approach when implemented in the open source solver Open FOAM provides industrial fan manufacturers with a cost effective method for optimising industrial centrifugal fan performance when the fan incorporates and impeller with cambered plate blades. The regulatory environment facing industrial fan manufacturers has made minimum fan and motor efficiency grades a legally binding requirement within Europe, and will do so in the USA by 2019. This regulatory environment will result in the majority of industrial centrifugal fans with cambered plate impeller blades not meeting planning minimum efficiency levels, and therefore it is imperative that industrial fan designers optimise the performance of their portfolio of industrial centrifugal fans that incorporate impellers with cambered plate blades. The low cost, robustness and accuracy of the developed modelling approach when implemented in the open source solver OpenFOAM provides a practical way for industrial fan designers to engage in the optimisation process.
Results provided can be also used for further investigations such as the erosion behaviour of the fan. Erosion model can predict the regions more exposed to this phenomenon. The simulations performed put in evidence, although at this point only qualitatively, that 5 μm particles mostly erode the top wall and the bottom conical wall of the impeller. Moreover erosion affects the leading and trailing edges on the suction side of the blade, as well as the central zone on the suction side.
The comprehensive approach to the erosion prediction, although still needing an optimization, is able to give useful information on the zones where erosion is more severe, and can be taken as a starting point to study new geometries for the fan minimizing the erosive effect of the particles entrained by the flow.
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